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several lifting-body configurations. Data were obtained at angles of attack to approximately 
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AERODYNAMIC CHARACTERISTICS O F  WING-BODY AND LIFTING-BODY 
CONFIGURATIONS O F  HYPERSONIC CRUISE AIRCRAFT 
AT MACH 2.30 TO 4.63 
By Lloyd S. Jernel l  
Langley Research Center 
SUMMARY 
An investigation has been conducted a t  Mach numbers from 2.30 to 4.63 to deter- 
mine the effects of wing a r e a  and body-cross-section ellipticity rat io  on the aerodynamic 
characteristics of a s e r i e s  of delta-planform wing-body models which represent  some of 
the principal features of a hypersonic cruise  aircraf t .  The effects of body cross-section 
shape were also investigated for  several  lifting-body configurations. 
F o r  relatively large wing area ,  body ellipticity rat io  had little effect on either the 
static longitudinal stability margin o r  the lift-curve slope. As wing a r e a  was decreased, 
however, increased ellipticity ratio led to substantial decreases  in the static snargiir~ and 
to significant increases  in  the lift-curve slope. Similarly, for  large wing a rea  there was 
little effect of body shape on the lateral aerodynamic characteristics.  Decreases  im wing 
area ,  however, generally led to increases  in the directional stability derivatisie and to 
increases  in the effective dihedral with increased ellipticity ratio.  Although the zero-lift 
drag  coefficients of the wing-body and lifting-body configurations were not significantly 
affected by body cross-section shape, increased ellipticity ratio did lead to irnlproved lift- 
drag  ratios.  
INTRODUCTION 
Preliminary studies of the feasibility of hypersonic cruise  aircraf t  indicate that the 
first generation of such aircraf t  will probably be designed to cruise  a t  a Mach number near 
6.0 (ref. 1). At this  ear ly stage of consideration, an optimum configuration for  suclb a 
vehicle has not been determined. I t  is generally believed, however, that the aircrait wi l l  
be characterized by an air-breathing propulsion system which utilizes liquid-hydrogen 
fuel. Although this fuel has favorable heat-sink characteristics and high energy content 
per  unit weight, i t s  low density will necessitate provisions for  relatively large fuel-tank 
volume. 
Generalized models of large-volume configurations which a r e  considered amenable 
to hypersonic cruise  flight have been investigated in  a number of small  wind tunnels at 
relatively low Reynolds number. The purpose of this investigation is to provide comple- 
mentary aerodynamic data obtained a t  considerably higher Reynolds numbers on model 
configurations which represent  some of the principal features of a hypersonic cruise  vehi- 
cle.  The primary model s e r i e s  considered in the investigation was a relatively lasge- 
volume delta-planform wing-body configuration. The model had interchangeable wings 
and bodies such that the effects of wing a rea  and body cross-section shape on the longitu- 
dinal ansd lateral aerodynamic characteristics could be considered. Also investigated was 
a series of lifting-body conf igurations of varying cross-  section ellipticity ratio. 
The wing-body and lifting-body models were tested in the Langley Unitary Plan wind 
hnne8 at Mach numbers from 2.30 to 4.63 and at a Reynolds number of 9.8 X lo6  per  meter  
(3 x loei per  i t ) .  Although the maximum Mach number of the tes t s  (M = 4.63) is somewhat 
below the probable hypersonic design Mach number of 6.0, the aerodynamic trends pre- 
sented should be useful in  the design of future hypersonic vehicles. 
SYMBOLS 
The aerodynamic character is t ics  in pitch and sideslip a r e  re fer red  to the stability- 
axis a-nd body-axis systems,  respectively. The moment centers  for  the wing-body models 
are located at the 50-percent root-chord station (model center line) of the respective wings. 
The moment centers  of the lifting bodies have the same longitudinal location as those for  
the small-wing configurations. (See figs. l (a)  and l(b) .) Also, the force and moment coef- 
ficients of the lifting bodies a r e  based on the reference a r e a  and dimensions of the small  
wing. 
Ab fuselage base a r e a  
a major axis of elliptic-body c ros s  section 
a 
- 
b ellipticity ratio 
b minor axis of elliptic-body c ros s  section 
bw wing span 
Drag drag coefficient, -
q s  
CD ,o zero-lift drag coefficient 
Lift lift coefficient, -
CIS 
lift-curve slope at  a! - 0, - per degree 
aa! 
rolling-moment coefficient, Rolling moment 
qsb, 
AC 
effective dihedral parameter, - I, per degree 
A P 
Pitching moment pitching-moment coefficient, 
qsi? 
c aCm 
m c ~  
static margin, -
ac, 
yawing-moment coefficient, Yawing moment 
q S b  
CnP directional stability parameter, - per degree AP 
side-force coefficient, Side force 
q s  
side-force parameter, - per degree 
AP 
wing root chord 
- 
c wing mean geometric chord 
L/D lift-drag ratio 
(L/D),, maximum lift-drag ratio 
I fuselage length 
M Mach number 
4 dynamic pressure 
S wing area  
S~ wing-body or  lifting-body planform area  
x distance from fuselage nose 
a angle of attack, re fer red  to body center line, degrees 
P angle of sideslip, referred to body center line, degrees 
Designations of model components: 
B1 
a circular  cross-section fuselage, - = 1 b 
B2 
a elliptic cross-section fuselage, - = 2 
b 
B3 elliptic cross-section fuselage, a = 3 b 
B4 elliptic cross-section lifting body, = 2.175 b 
B5 elliptic cross-section lifting body, 3 = 3.025 b 
B6 elliptic cross-section lifting body, = 3.822 b 
V vertical tail 
Wl large wing 
W2 intermediate-size wing 
%'3 smal l  wing 
APPARATUS AND METHODS 
Models 
Drawings of the wing-body models a r e  shown in figure l (a) .  The three mating fuse- 
lages, shown superimposed on each wing, had c ros s  sections ranging from circular  to ellip- 
tic, with the elliptic sections having ellipticity ratios of 2 and 3. The wings, which were of 
delta planform, had a leading-edge sweep angle of 70' and double-wedge airfoil sections 
with a rnaxisnum thickness of 4 percent of the local chord at the 50-percent-chord station. 
The wings were sized to represent wing loadings of 1915, 3352, and 4788 ~ / m 2  (40, 70, 
and 100 $b/f-t2) at  M = 6 and an altitude of 30 480 meters  (100 000 ft). Drawings of the 
lifting-body models, which had elliptic c ros s  sections with ellipticity ratios of 2.175, 3.025, 
and 3.822, a r e  shown in figure l(b). Details of the vertical tail (used for  all models) are 
provided in figure l(c) .  The tail was positioned vertically so that the leading edge of the 
root chord coincided with each body surface. Pertinent geometric parameters for both 
the wing-body and lifting-body configurations a re  tabulated in table I .  The major- and 
minor-axis coordinates used for the construction of the wing-body fuselages and the lifting 
bodies a r e  provided in tables II and 111, respectively. A photograph depicting a typical 
model installation is shown in figure 2. 
Tunne 1 
The investigation was conducted in both the low and high Mach number test  sections 
of the Langley Unitary Plan wind tunnel, which is a continuous-flow, variable-pressure 
facility. The test sections a r e  1.22 meters  (4 ft) square by approximately 2.13 meters 
(7 ft) in length. The nozzles leading to the test sections a r e  of the asymmetric sliding- 
block type which permits a continuous variation in Mach number from about 1.5 to 2.9 and 
2.3 to 4.7 in the low and high Mach number test sections, respectively. 
Measurements, Corrections, and Tests 
The aerodynamic forces and moments were measured by means of a sting-supported, 
six-component strain-gage balance housed within the model body. Base pressure mea- 
surements obtained from static orifices located within the base cavity were used to adjust 
drag coefficient to a condition of free-stream static pressure at the model base. The 
angles of attack and sideslip were corrected for  the deflection of the model support system 
due to aerodynamic load. The angle of attack was also corrected for tunnel flow a n ~ l a r i t y  
The tests  were conducted at Mach numbers from 2.30 to 4.63 and a Reynolds number 
of 9.84 x 106per  meter (3.0 X lo6 per ft). The dewpoint was maintained below 239' K 
(-30' F) to prevent tunnel moisture condensation effects. The angle-of-attack range was 
from approximately -4' to 24' for angles of sideslip of 0' and 3'. A limited llumber of 
tests  were also conducted for an angle-of-sideslip range from about -4' to 6" for angles 
of attack of 0' and 8'. 
Boundary-layer transition str ips composed of either carborundum o r  sand era~bedded 
in a plastic adhesive were placed 30.5 millimeters (1.20 in.) rearward of the nose apex 
and 10 millimeters (0.4 in.) rearward (streamwise) of the wing and tail leading edges. 
For the investigations in the low Mach number test section (M = 2.36 and 2.862, 
1.6-millimeter-wide (0.06-in.) s tr ips of No. 50 carborundum grains having an average 
diameter of approximately 0.33 millimeter (0.013 in.) were used. The investigatitins i n  
the high Mach number test  section (M = 2.30, 2.96, 3.95, and 4.63) were conducted using 
No. 35 sand grains having an average diameter of approximately 0.56 millimeter 
(0.022 in..). The sand particles were placed individually with a spacing perpendicular to 
the f ree  s t ream of approximately 3 particle diameters.  
DISCUSSION 
The basic longitudinal aerodynamic characteristics of the wing-body configurations 
a r e  presented in figures 3 to 5. The pitching-moment coefficient is essentially linear fo r  
the large-wing-xrea configuration but becomes progressively nonlinear as wing a r e a  is 
decreased. This nonlinearity is further aggravated by increasing the ellipticity rat io  of 
the body c ros s  section. The lift curves (variation of CL with a )  exhibit near-linear 
variations, particularly those for  the la rger  wing a r e a  configurations and at the lower 
Mach numbers. The basic longitudinal characteristics of the lifting-body configurations 
a r e  presented in figure 6. Both the pitching-moment coefficient and lift curves exhibit 
abrupt changes in slope in the region near a = 4', especially a t  the lower Mach numbers. 
The summary of the static margin (fig. 7) indicates only smal l  effects of ellipticity 
ratto on the static margin of the large-wing (W1) configurations. However, these effects 
become prominent as wing a r e a  is decreased, and a considerable decrease in static mar-  
gin is o ~ t a i n e d  as a/b is increased. There is essentially no effect of body shape on the 
static margin of the lifting bodies. The effects of ellipticity rat io  on the lift-curve slope 
@L, are negligible for  the large-wing configurations but become significant as wing 
a rea  is decreased, with the lift-curve slope increasing as the magnitude of ellipticity ratio 
is increased. (See fig. 8.) The values of the lift-curve slope show the expected decrease 
ax Mach number is increased. The lifting bodies show considerable increase in C 
La 
as 
a / b i s  increased but little effect due to Mach number. 
The zero-lift d rag  coefficients for  both the wing-body and lifting body show only 
small. eifects due to body shape but show the expected decrease with increasing Mach num- 
ber .  (See fig. 9.) 
As expected, the configurations with the greater  wing a reas  exhibit l a rger  maximum 
lift-drag ratios.  (See fig. 10.) The maximum lift-drag ratio is further enhanced by the 
flatter fuselages (larger values of a/b) . At the higher Mach numbers the wing-body con- 
figurations show the usual decrease in lift-drag ratio a s  Mach number is increased; how- 
ever ,  (E/D),a, for  the lifting-body configurations reaches maximum values at Mach 
numbers of about 4.0 to 4.3. 
Xcme of the basic la teral  aerodynamic characteristics a r e  presented in figures 11 
to 16 for angles of attack of 0' and 8'. These data were obtained primarily to ascertain 
the degree o.1 linearity of the basic parameters  when used as a function of the sideslip 
angle p .  With few exceptions, these data a r e  essentially l inear within the range of /3 
considered. Hence, the remaining lateral data a r e  evaluated in t e r m s  of the stability 
derivatives obtained from a! polars at P = 0' and 3'. 
The large wing configuration shows little effect of body shape on the lateral aero- 
dynamic characteristics (fig. 17). However, as wing a r e a  is decreased (figs. 118 and 19) 
there is generally an increase in C and a decrease in CL (increase in effective 
nP P 
dihedral) as cross-section ellipticity rat io  is increased. The effects of body cross -section 
shape on the la teral  stability derivatives of the lifting-body configurations (fig. 20) a r e  
relatively small .  
CONCLUSIONS 
An investigation has been conducted to determine the effects of wing area and body 
cross-section shape on the aerodynamic characteristics of a se r i e s  of wing-body configu- 
rations representing a range of hypersonic cruise  aircraft .  The effects of body eross-  
section shape were also investigated for  several  lifting-body configurations. The conclu- 
sions a r e  summarized as follows: 
1. The effects of body-cross-section ellipticity ratio on the static margin 08: the 
large-wing configuration a r e  small .  However, these effects become prominent as wing 
a r e a  is decreased, and a decrease in s ta t ic  margin is obtained as ellipticity ratio is 
increased. 
2. The effects of body-cross-section ellipticity rat io  on the lift-curve slope a r e  aeg- 
ligible for  the large-wing configuration but become significant as wing a r e a  is decreased, 
with the lift-curve slope increasing as the magnitude of ellipticity ratio is increased. 
3.  The zero-lift d rag  coefficients for  both the wing-body and lifting body show only 
small  effects due to body shape. 
4. The maximum lift-drag rat ios  of all configurations increase as ellipticity ratio 
is increased. 
5. The large-wing configuration shows little effect of body shape on the lateral aero- 
dynamic characteristics.  However, as wing a r e a  is decreased there is generally an 
increase in the directional stability parameter  and a decrease in  the effective dihedral 
parameter (increase in  effective dihedral) as the ellipticity rat io  is increased. 
Langley Research Center, 
National Aeronautics and Space Administration, 
Hampton, Va., May 26, 1971. 
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TABLE I.- MODEL GEOMETRIC PARAMETERS 
Configuration a/b I 
cm in. cm 
WQ wing geometry used. 
TABLE 11.- BODY COORDINATES FOR WING-BODY MODELS 
TABLE 111.- BODY COORDINATES FOR LIFTING-BODY MODELS 
(a) Wing- body models. 
Figure 1.- Model drawings for hypersonic cruise vehicle. Linear dimensions 
a re  given in inches and parenthetically in centimeters. 
(b) Lifting-body models. 
Figure 1 .- Continued. 
(c) Vertical tail. 
Figure 1.- Concluded. 

c L 
(a) M=2.30. 
Figure 3 .- Longitudinal aerodynamic characteristics of model with large ( w ~ )  wing. 
C L  
(a) M = 2.30. Concluded. 
Figure 3 .- Continued. 
- 8 
-. 2 -. 1 0 . 1  . 2  . 3  . 4  . 5  . 6  . 7  
L 
(b) M = 2.96. 
Figure 3 .- Continued. 
C L  
(b) M = 2.96. Concluded. 
Figure 3 .- Continued. 
L 
(c) M = 3.95. 
Figure 3 .- Continued. 
C L  
(c) M = 3.95. Concluded. 
Figure 3 .- Continued. 
L L  
(d) M = 4.63. 
Figure 3 .- Continued. 
C L  
(d) M = 4.63. Concluded. 
Figure 3 .- Concluded. 

C L  
(a) M = 2.36. Concluded. 
Figure 4 .- Continued. 
C L  
(b) M = 2 . 8 6  
Figure 4.-  Continued. 
Figure 4 .- Continued. 
C L  
(c) M = 3 . 9 5 .  
Figure 4 .- Continued. 
C L  
(c) M = 3.95. Concluded. 
L I D  
a 
Figure 4 .- Continued. 
C L  
(d) M = 4.63. 
Figure 4 .- Continued. 
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CL 
(d) M = 4.63. Concluded. 
Figure 4.- Concluded. 
c L 
(a) M = 2.36.  
Figure 5.- Longitudinal aerodynamic character is t ics  of model with smal l  (W3) wing. 
C L  
(a) M = 2.36. Concluded. 
Figure 5 .- Continued. 
C L  
(b) M = 2.86. 
Figure 5.- Continued. 
C L  
(b) M = 2.86. Concluded. 
Figure 5 .- Continued. 
C L  
(e) M = 3 . 9 5 .  
Figure 5 .- Continued. 
C L  
( c )  M = 3.95. Concluded. 
Figure 5 .- Continued. 
C L  
(d) M = 4.63.  
Figure 5 .- Continued. 
C L  
(d) M = 4.63. Concluded. 
Figure 5.- Concluded. 
C L  
(a) M = 2.36. 
F i g r e  6.- Longitudinal aerodynamic characteristics of lifting-body models. 
C L  
(a) M = 2.36. Concluded. 
Figure 6 .- Continued. 
C L  
(b) M = 2.86. 
Figure 6 .- Continued. 
C L 
(b) M = 2.86. Concluded. 
Figure 6 .- Continued. 
Figure 6 .- Continued. 
C L  
(c) M = 3.95. Concluded. 
Figure 6.- Continued. 
L L  
(d) M = 4 . 6 3 .  
Figure 6.- Continued. 
(d) M = 4.63. Concluded. 
Figure 6 .- Concluded. 
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M 
Figure 7. -  Summary of static margin. a! = 0'. 
2 . 0  2 . 4  2.8 3 .2  M 3 . 6  4. 0  4. 4  4, 8 
Figure 8 .- Summary of lift-curve slope. 
C I., 
M 
Figure 9.- Summary of minimum drag coefficient. 
2.0 2 .4  2 .8  3 . 2  3 . 6  4. 0 4, 8 
Figure 10.- Summary of maximum lift-drag ratio. 
P ,  d e g  
(a) M = 2.36. 
Figarse 11 .- Lateral  aerodynamic character is t ics  of configuration B1W2 
with and without vertical tail  a t  a! = 0'. 
P, deg  
(b) M = 4.63. 
Figure 11 .- Concluded. 
(a) M = 2 . 3 6 .  
Figure 62.-  Lateral aerodynamic character is t ics  of configuration B2W2 
with and without vertical tail a t  a! = 0'. 
- 6 - 4 - 2 0 2 4 6 8 
P, d e g  
(b) M = 4.63. 
Figure 12.- Concluded. 
. V "  
- 6 - 4 - 2 0 2 4 6 8 10 
0, d e g  
(a) M = 2.36. 
Figure 13 .- Lateral aerodynamic characteristics of configuration B3W2 
with and without vertical tail at a = 0'. 
P ,  deg  
(b) M = 4 . 6 3 .  
Figure 13 .- Concluded. 
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P ,  d e g  
(a) M = 2.36. 
Figure 14 .- Lateral aerodynamic characteristics of configuration B1W2 
with and without vertical tail a t  a! = 8'. 
P ,  d e g  
(b) M = 4.63. 
Figure 14 .- Concluded. 
P, d e g  
(a) M = 2.36. 
Figure 15.- Lateral aerodynamic characteristics of configuration B2W2 
with and without vertical tail at  a = 8'. 
P, d e g  
(b) M = 4.63. 
Figure 15 .- Concluded. 
P ,  d e g  
(a) M = 2 . 3 0 .  
Figure 16.- Lateral aerodynamic characteristics of configuration B3W2 
with and without vertical tail  a t  a! = 8O. 
P, d e g  
(b) M = 4.63. 
Figure 16 .- Concluded. 
a ,  deg 
(a) M = 2.30. 
Figure 17.- Effect of body shape on lateral stability derivatives 
of model with large (W1) wing. 
a,  deg 
(b) M = 2.96. 
Figure 17.- Continued. 
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a, d e g  
(e) M = 3 . 9 5 .  
Figure 17.- Continued. 

(a) M = 2.36. 
F i p r e  18.- Effect of body shape on the lateral stability derivatives 
of model with intermediate-size ( w ~ )  wing. 
a, d e g  
(b) M = 2.86. 
Figure 18 .- Continued. 
a, d e g  
( c )  M = 3.95. 
F igure  18 .- Continued. 
a, d e g  
(d) M = 4.63. 
Figure 18 .- Concluded. 
a, d e g  
(a) M = 2.36. 
Figure 19.- Effect of body shape on la teral  stability derivatives 
of model with smal l  (W3) wing. 
a, d e g  
(b) M = 2.86. 
Figure 19.- Continued. 
a, d e g  
( c )  M = 3.95. 
Figure 19.- Continued. 
a, deg  
(d) M = 4 . 6 3 .  
Figure 19.- Concluded. 
7 5 
a, d e g  
(a) M = 2.36. 
Figure 20 .- Effect of body shape on lateral stability derivatives of lifting-body models. 
a, d e g  
(b) M = 2.86. 
Figure 20 .- Continued. 
""p 
a, d e g  
(c) M = 3.95. 
Figure 20 .- Continued. 
a, d e g  
(d) M = 4.63. 
Figure 20.- Concluded, 
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